Abstract-In the near future, Cooperative Intelligent Transport System (C-ITS) applications are expected to be deployed. To support this, simulation is often used to design and evaluate the applications during the early development phases. Simulations of C-ITS scenarios often assume a fleet of homogeneous vehicles within the transportation system. In contrast, once C-ITS is deployed, the traffic scenarios will consist of a mixture of connected and non-connected vehicles, which, in addition, can be driven manually or automatically. Such mixed cases are rarely analysed, especially those where manually driven vehicles are involved. Therefore, this paper presents a C-ITS simulation framework, which incorporates a manually driven car through a driving simulator interacting with a traffic simulator, and a communication simulator, which together enable modelling and analysis of C-ITS applications and scenarios. Furthermore, example usages in the scenarios, where a manually driven vehicle cut-in to a platoon of Cooperative Adaptive Cruise Control (CACC) equipped vehicles are presented.
1 Only vehicles are studied in this paper.
focused on the driver, efforts are put on details of the ego vehicle and its driving behaviour, rather than studying a system of vehicles. However, driving simulators can offer realistic human driver behaviour and interaction, which is required in order to study the traffic scenarios with human drivers involved.
The main study cases of this paper are applications in the context of Cooperative Adaptive Cruise Control (CACC) and especially platooning. CACC and automated platooning has slightly different operational concepts depending on the intervehicle gap regulation strategy, as stated in [11] . However, in this paper the terms will be used interchangeably, referring to an application, that utilize vehicle-to-vehicle (V2V) communication to maintain a stable platoon 2 of vehicles. The goals of the application can include, e.g., to improve safety, maintain string stability 3 , reduce fuel consumption, and improve driver comfort. Most of the studies assume homogeneous traffic, where all vehicles are identical, connected, and automated. Even so, considering real traffic scenarios on public roads is not yet the case. In early deployment of C-ITS applications, heterogeneous traffic-where combinations of vehicles with different capabilities are involved in the system-are to be expected [12] . Such heterogeneous traffic scenarios are not often studied, especially the ones involving human driven vehicles.
In particular, this study focuses on scenarios when a manually driven vehicle intervene with a platoon while doing a cut-in manoeuvre, which frequently occurs in today's traffic. In relation to ACC 4 /CACC operations, a few studies have considered this type of scenario. V. Milanés & S. E. Shladover [13] have presented effects of the cut-in and cut-out in long strings of CACC vehicles, with results from simulations and onroad experiments. Moreover, Annika F.L. Larsson, et al. [14] presented a study on reaction time of drivers in an ACCequipped vehicle, when a cut-in happens.
Therefore, the contributions of this paper are twofold: 2 In this paper, the term platoon is also refers to a string of vehicles that are operating with the CACC function activated. 3 The effects of distance error, or disturbances do not amplify as it propagates backwards to the following vehicles in the platoon. 4 Adaptive Cruise Control.
• We present a simulation framework with possibility to manually drive a vehicle in a C-ITS scenario.
• We show simulation results of the behaviour of two different CACC controllers in a cut-in scenario using the simulation framework. The remainder of the paper is organized as follows. Section II introduces a C-ITS simulation framework with possibility to involve a manually driven car in C-ITS scenarios. This section also presents challenges, and results from including a human driver in the simulation framework. Section III defines the cut-in scenario, and parameters related to the CACC controllers and the simulation study. Section IV presents results from the scenario, where the manually driven car cut-in between vehicles in the platoon. Future work is presented in Section V. Finally, the paper is concluded in Section VI
II. THE C-ITS SIMULATION FRAMEWORK A. Background
The C-ITS simulation framework consists of driving-, traffic-, and network simulators. The driving simulator is executed by the driving simulation software from the Swedish National Road and Transport Research Institute (VTI). And Plexe [6] -Platooning Extension for Veins-is used for traffic and network simulation. The software structure and included simulation models are illustrated in Fig. 1 . VTI's driving simulation software is developed in-house at VTI. It is implemented in C++, and the same software kernel can be run on a desktop computer, or the computercontrolled moving-base driving simulators at VTI [15] . Plexe is developed based on the microscopic traffic simulator, SUMO (Simulation of Urban Mobility) [16] , and the network simulator, Veins [17] . Plexe extends both SUMO and Veins to support more realistic simulation of platooning scenarios, by considering vehicle dynamics in the form of actuation lag (modelled by a low pass filter), and the V2V communication protocol stack used to send messages according to the IEEE 802.11p standard.
plexe-sumo plexe-veins As illustrated in Fig. 2 , the different simulation software used in the framework are connected via three transmission control protocol (TCP) connections: a) TraCI (traffic control interface), an existing connection for SUMO and Veins to interact according to [18] ; b) T CP sync facilitating synchronization between the driving simulator and Plexe; and c) T CP app for exchanging information between the driving simulator and Plexe. Please refer to our previous work [19] , [20] for more details.
The C-ITS simulation framework has been presented in [19] , [20] . The framework is developed to support testing and evaluation of platooning applications, with a human driver in the loop. Previously, the human driver was included just as an operator or observer of the fully-automated platooning scenarios. By extending the existing framework, the human driver can now be more involved by driving a vehicle in the simulation framework. This development enables analysis of more complex platooning scenarios which are not commonly studied. For example, cut-in by non-V2V-equipped vehicles in platooning scenarios [13] .
B. Involving a Human Driver
In driving simulators, it is common that the driver has freedom to drive anywhere in the simulated environment, this is one of the main features of every driving simulator. In contrast, the traffic simulation represents vehicles as always driving in the middle of their lane. The only lateral movement modelled in the traffic simulation is the lanechanging behaviour, which occurs instantaneously within one time step. Driving behaviour is usually restricted in most of the microscopic traffic simulators. For instance, behaviour of each vehicle in SUMO is mainly controlled by a car-following and a lane-changing models.
Car-following models in microscopic traffic simulations are usually defined by ordinary differential equations. In SUMO, the "active" car-following model can be changed during the simulation. However, at one simulation time point, only one model can be active for a vehicle. The car-following model regulates longitudinal velocity of vehicle(s), by taking into account parameters such as distance to the preceding vehicle, current acceleration of the ego vehicle, maximum acceleration, etc. These parameters are different for each car-following model.
By default, car-following models in SUMO are collision free. In other words, the car-following models considers the distance to the preceding vehicle, and determined a "safe speed". Even when a command is sent to control the speed of the vehicle, the car-following model has priority to override it, if that speed is higher than the safe speed. Because the main purpose of traffic simulators has been to study traffic flow behaviour rather than hazard or traffic safety issues.
There is no such restriction in car-following models proposed by the Plexe framework, thus enabling the vehicles to drive closely in a platoon. Thus, to overcome this restriction, the Cruise Control car following model presented in [6] is modified to be used in this paper. Alternatively, the simulation parameters in SUMO can be set to ignore this safety check. The same problem arises for changing lane in SUMO. The vehicle will refuse to change lane if the space is not perceived as large enough for the lane-changing model. This has been solved as presented in [20] . To facilitate manual driving in the simulation, information about longitudinal speed and current lane of the ego vehicle are sent from the driving simulator to Plexe via the T CP app connection (as illustrated in Fig. 2 ). The simulation framework run at 0.01 second time step (100 Hz). Figure 3 shows plots of the logged lateral positions at each time step from Plexe and the driving simulator. The information about the ego vehicle's current lane comes from the driving simulation software. There, the lane change occurs when the front axle of the ego vehicle crosses the lane marking in the driving simulator. However, in Plexe, the lane change is instantaneous as depicted by the red dashed plot in Fig. 3 .
III. THE CUT-IN
A cut-in scenario by a manually driven vehicle is achieved using the simulation framework presented in the previous section. The cut-in scenario is simulated on a two-lane straight highway. As illustrated in Fig. 4 , four vehicles are simulated, three cars that are operated by a CACC function (the vehicle no. 1, 2, and 3 in Fig. 4 ) driving on the right lane, and one manually driven car (the vehicle no. 4 in Fig. 4) on the left lane. During the simulation, the driver of the manually driven car (no. 4) performs a cut-in manoeuvre, merging and placing the car in front of the second vehicle in the platoon (as shown in Fig. 4) . Further, it is assumed that the manually driven car does not have automated driving capability, but may have an ability to transmit V2V communication messages such as to communicate its intention, or broadcasting Cooperative Awareness Messages (CAMs). Table I lists the configuration that the manually driven vehicle may have. In this paper, only one configuration marked by ' ' in Table I is studied. That is the cut-in scenario by a manually driven vehicle without V2V communication (non-communicating vehicle). The following two existing CACC controllers in Plexe are used for the platooning vehicles, namely:
• Rajamani is the constant-distance gap controller, which is implemented by the author of Plexe following the book by Rajamani [21, Chapter 7] • Ploeg is the constant-time gap controller, which is implemented by the author of Plexe following the work by Ploeg et al. [22] Apart from the different control strategies, there are a few more differences between these two controllers. The Rajamani controller uses information about the speed and acceleration of the platoon leader as control parameters, while the Ploeg controller only uses information about the preceding vehicle. Moreover, the Rajamani controller obtains the speed of the preceding vehicle from the V2V communication, while the Ploeg controller obtains the information from the radar. The differences are summarized in Table II . Nevertheless, during the operation of both CACC controllers in our simulation, each follower receives the information about speed, acceleration, and position of the platoon leader and its preceding vehicle via V2V communication. A desired inter-vehicle distance of 17.5 meters (0.6 second headway time) was chosen for the CACC controllers. All vehicles are equipped with radar that detects an object in front. If there is no such object, nothing is detected and the radar returns -1 as output. As mentioned in Section II-B, the lane change in Plexe happens instantaneously, when the front axle of the vehicle in the driving simulator crosses the lane marking (see Fig. 3 ). Therefore, in this paper the radar is assumed to have a relatively wide angle covering the driving lane, i.e. it will detect the cut-in vehicle as soon as the cut-in vehicle's front axle cross the lane marking. 
IV. RESULTS
In this section, vehicle no. 4 in Fig. 4 will be referred to as the "manually driven car", and the platooning vehicles no. 1, 2, and 3 will be referred to as the platoon leader, second vehicle, and last vehicle respectively, as illustrated in Fig. 4 .
A. Conventional Car Cut-In
The results of the cut-in scenario using two CACC controllers with desired inter-vehicle gap of 17.5 meters (0.6 second time headway) are presented in this subsection. At the steady-state, the platoon leader is always driving with constant speed of 90 km/h (25 m/s). Since the platoon leader is not affected by the cut-in manoeuvre it is excluded from all the plots in this subsection. for the manually driven car and the second vehicle. The intervehicle distance is reduced to 6.35 meters for the second vehicle. Consequently, the second vehicle adjust its speed, and is able to prevent a collision. At approximately 85 seconds, the manually driven car leave the platoon giving a big gap in front of the second vehicle. Thus, it speeds up to close the gap and maintains a stable platoon. One can observe that the controller is string stable by looking at the behaviour of the last vehicle (platooning car no. 3), which does not amplify the error caused by the second vehicle. For the Ploeg controller, its behaviour during the cut-in scenario is presented in Fig. 6 . In this case, the cut-in occurs at approximately 52 seconds simulation time, and the intervehicle distance is reduced to 6.75 meters for the second vehicle. Consequently, the second vehicle adjusts its speed, and is also able to prevent a collision. The manually driven car then leave the platoon at approximately 86 seconds. Again, the string stability of the controller can be observed.
B. Collision
Plots in Fig. 7 presents a collision, when the manually driven car cut into a platoon operated by the Rajamni controller at 17.5 meters inter-vehicle distance. Even though the intervehicle gap at the cut-in point (≈ 61 seconds time) is 9.76 meters, which is higher than that of the same scenario above, the large difference in speed causes the collision (see Fig 7b  at 63 seconds) .
On the other hand, the Ploeg controller was able to handle the situation, when the cut-in vehicle has a difference in speed, as shown in Fig. 8 (at 107 seconds simulation time) . Nevertheless, it requires the second vehicle to apply maximum deceleration of 4.5 m/s 2 , in order to prevent a collision. The maximum deceleration is considered as an emergency braking manoeuvre, according to [23] . Furthermore, this hard-braking manoeuvre could be dangerous to the vehicles behind the platoon, and might result in a rear-end collision.
Furthermore, we simulated a similar situation with the same speed difference, but with a desired inter-vehicle gap of 30 meters. The Rajamani controller is then able to handle the situation and prevent the collision. However, the collision still occurs when the platoon leader speeds up, because the controller's dependency to the platoon leader's speed and acceleration. The platooning vehicles speed up to follow the platoon leader, and collide into the manually driven car. Hence, to prevent a collision, switching the active controller to ACC when a cut-in is detected by non-communicating vehicles, as suggested in [13] is required. Also, the vehicle that the manually driven car merged in front of have to be assigned as the new platoon leader for each platooning vehicle behind it.
In contrast, the Ploeg controller reacts differently to the platoon leader speeding up, the collision did not happen in this case. Because most of the controller's decision is based on the information from the radar, which detects the manually driven car. Although the collision did not happen in our simulation, it is still possible under certain amount of leader's acceleration, and other parameter settings than the ones used in this simulation. Therefore, even though the Ploeg controller behave similarly to ACC, i.e. using radar to detects intervehicle gap and relative speed, switching to conventional ACC when the cut-in is detected is preferable.
V. FUTURE WORK
Many aspects of cut-in scenarios are still to be explored as follows. First, having cut-in manoeuvres with such large speed difference on a highway is not common, however not impossible. The results in Section IV-B show that the different designs of CACC controller may achieve similar efficiency in terms of string stability, but it can have different effects on the safety of the driver. Therefore, in the evaluation of the CACC controller design, safety should also be considered, in addition to string stability. Further investigation on a hazard and risk analysis framework for evaluation of safety-related issues is required.
Detecting the cut-in by a non-communicating vehicle is a challenge in itself. Observing a sudden change in distance measured by the radar as shown in the scenario above is one way to detect the cut-in event. The platooning vehicles may, as a complement, be equipped with a camera system, or other sensors such as LiDAR. Then, sensor fusion algorithms can be applied to better detect, or even predict the cut-in manoeuvre. Furthermore, considering future scenarios when conventional vehicles are equipped with V2V communication modules. They can still be driven manually, but have a possibility to broadcast CAM. In addition, intentions to cut-in, or change lane, can be broadcast. Although the standard CAM does not include the intention of the vehicle, this has been proposed in the i-GAME Cooperative Lane Change Message (iCLCM) in the Grand Cooperative Driving Challenge 2016 [1] . To fully utilize the intention message, extension on the platooning application with a strategy to handle the message is required.
Moreover, the more common cut-in events are perhaps the ones happening at the on-ramps to highways, which is more time-critical due to the limited space in the acceleration lanes. Using V2V communication to communicate the intention as discussed above could be necessary to facilitate the cut-in, especially for long platoons. If we were to facilitate such cutin, many questions need to be answered. For instance, How should the platoon react to the intention message? Should the platoon make a gap to support the cut-in, how big gap will the human drivers accept? The proposed C-ITS simulation framework has potential to be used as a tool to study such questions.
Last but not least, the behaviour of the manually driven car varies between different simulation runs and drivers, but the scenarios are fixed in this paper, i.e. the manually driven car always cut-in between the first and second vehicle in the platoon. Hence, other realistic traffic scenarios must also be considered, e.g. cut-in at different parts of a platoon, different time headway settings, etc. Moreover, using this simulation framework, human drivers' behaviour can be gathered to create a car-following model that includes the cut-in behaviour (as also desired in [13] ).
VI. CONCLUSIONS
This paper presents the recent development of a C-ITS simulation framework consisting of driving-, traffic-, and network simulators. The development allows human drivers to drive in the C-ITS simulation framework, which was not previously possible. Allowing manually driven vehicles by human drivers in a C-ITS simulation enables vast future studies related to C-ITS applications that involve human drivers. One of such applications include studying the cut-in scenario by a manually driven vehicle in a platooning application as presented in this paper. Preliminary results on a collision case study suggest that a radar-based CACC controller showed promising performance compared to a V2V-based controller with respect to collision avoidance. Safety issues and future works related to the cut-in scenario are presented and discussed as the results.
